Background: Cytomegalovirus (CMV) establishes a lifelong infection that is efficiently controlled by the immune system; this infection can be reactivated in case of immunosuppression such as following solid organ transplantation. CMV viraemia has been associated with CMV disease, as well as increased mortality and allograft failure. Prophylactic antiviral medication is routinely given to renal transplant recipients, but reactivation during and following cessation of antiviral prophylaxis is known to occur. The aims of this study were to assess the incidence, timing and impact of CMV viraemia in renal transplant recipients and to determine the level of viraemia associated with adverse clinical outcomes. Methods: Data from all adult (18 years and over) Western Australian renal transplant recipients transplanted between 1 January 2007 and 31 December 2012 were obtained from the Australia and New Zealand Dialysis and Transplant registry and were supplemented with data obtained from clinical records. Potential risk factors for detectable CMV viraemia (≥600 copies/ml) and all-cause mortality were assessed using univariable analysis and Cox Proportional Hazards Regression. Results: There were 438 transplants performed on 435 recipients. The following factors increased the risk of CMV viraemia with viral loads ≥600 copies/ml: Donor positive/Recipient negative status; receiving a graft from a deceased donor; and receiving a graft from a donor aged 60 years and over. CMV viraemia with viral loads ≥656 copies/ml was a risk factor for death following renal transplantation, as was being aged 65 years and above at transplant, being Aboriginal and having vascular disease. Importantly 37% of the episodes of CMV viraemia with viral loads ≥656 copies/ml occurred while the patients were expected to be on CMV prophylaxis. Conclusions: CMV viraemia (≥656 copies/ml) was associated with all-cause mortality in multivariable analysis, and CMV viraemia at ≥656 copies/ml commonly occurred during the period when renal transplant recipients were expected to be on antiviral prophylaxis. A greater vigilance in monitoring CMV levels if antiviral prophylaxis is stopped prematurely or poor patient compliance is suspected could protect some renal transplant recipients from adverse outcomes such as premature mortality.
Background
Cytomegalovirus (CMV) infection has long been recognised as a cause of morbidity and premature mortality amongst solid organ transplant recipients [1] . In Australia, the prevalence of CMV infection is estimated to be 57% among people up to 60 years of age [2] . The risks of CMV-related complications in kidney transplant recipients vary according to the serostatus of the donor (D) and recipient (R), with kidneys from CMV positive donors (D   +   ) transplanted into CMV negative recipients (R − ) carrying the highest risk [1] . Reactivation of CMV in kidney transplant recipients may manifest across a clinical spectrum from asymptomatic viraemia to tissue-invasive disease [3] . Epidemiological studies have also linked CMV to chronic allograft injury, accelerated atherosclerosis and malignancy, potentially caused by direct viral cytopathic effects as well as immune modulation induced by the virus [4] [5] [6] .
CMV prophylaxis with antivirals, such as ganciclovir or valganciclovir, has been in use for a number of years in Australia and elsewhere. The current Australian guidelines recommend 3 months of antiviral prophylaxis for D + /R + and D − /R + recipients, 6 months for D + /R − recipients, and none if both donor and recipient were negative for CMV [7] . CMV prophylaxis has been shown to reduce the risk of CMV disease and all-cause mortality in renal transplant recipients [8] .
Despite the use of antiviral prophylaxis, CMV viraemia in transplant recipients remains a significant concern, with up to 35% of patients who were provided with prophylaxis becoming viraemic within 12 months of transplantation [1, 9] . In addition to the cost of prophylaxis and the risks of side-effects, in particular neutropenia, a concern is the development of late-onset disease (CMV viraemia occurring following cessation of prophylaxis), which is associated with allograft rejection [10] and increased mortality [11, 12] .
Although a number of laboratory techniques exist for the detection of CMV viraemia, most centres across Australia are now performing quantitative nucleic acid testing (NAT). While very high levels of viraemia are typically associated with the presence of CMV syndrome or tissue-invasive disease, the clinical significance of lowerlevel viraemia remains unclear [13] , and differences in NAT assays can lead to significant discrepancies in the quantification of viraemia between laboratories [14] .
The aims of this study were to assess the incidence, timing and impact of CMV viraemia in renal transplant recipients and to determine the level of viraemia associated with adverse clinical outcomes.
Methods

Study population
All adult (age ≥ 18 years) patients who received a live or deceased donor kidney transplant in Perth, Western Australia (WA), between January 2007 and December 2012 were included in this study. Data were extracted from local health records and linked to data recorded in the Australia and New Zealand Dialysis and Transplant (ANZDATA) registry. If a patient received more than one kidney transplant during the study period, data regarding both grafts were extracted and both transplants were considered as separate grafts for analysis.
In WA, most patients received basiliximab induction and routine triple immunosuppression with a calcineurin inhibitor (CyA/tacrolimus), mycophenolate sodium or mycophenolate mofetil and oral prednisolone. Patients at lower risk of rejection did not receive either basiliximab or thymoglobulin induction and those at highest risk (around 10%) received thymoglobulin induction instead of basiliximab. Target tacrolimus trough levels are typically between 5 and 10 μg/L for the first 3 months, with the dose of prednisolone reduced to 5-10 mg daily by 3 months. Biopsy-proven T cell mediated rejection episodes were managed with intravenous methylprednisolone, with T cell depleting antibody being prescribed for steroidresistant rejection episodes.
CMV prophylaxis with valganciclovir was administered for 100 days to R + patients, 200 days to D + /R − grafts, and no prophylaxis was given to D − /R − grafts. CMV testing at both centres during or after prophylaxis is usually performed on a monthly basis throughout the first year posttransplant. After that time, testing was done on an adhoc basis, usually only if there was a clinical indication. Valganciclovir at induction doses was routinely given following CMV reactivation at a viral load between 10 3 and 10 5 copies/mL. CMV treatment was routinely stopped after CMV was undetectable for two consecutive tests over at least a 1 month period.
Data collection
The following data were obtained from ANZDATA (to December 2013): age at transplantation; graft number; date of transplantation; date of birth; racial origin; weight and height at transplant; maximum panel reactive antibody (PRA) status; recipient smoking status; recipient CMV serology status; donor source; donor age; human leukocyte antigen (HLA) mismatches; occurrence of acute rejection (including rejection type, severity and treatment); induction therapy (interleukin-2 receptor antibody or T cell depleting antibody); immunosuppression prescribed at 0, 3, 6 months and at each year post-transplant; comorbidities of cardiovascular disease, chronic lung disease, diabetes or cancer (post-transplant or recurrent); whether or not graft failure occurred and the date of failure; and whether or not the patient died (to December 2014) and the date of death. Information on treatment for CMV viraemia was not available. Donor CMV serology status was obtained from individual patient charts at the two transplant hospitals. Recipient CMV serology status was confirmed from individual patient records and where differences between patient records and ANZDATA were identified, the patient record information was used. Any data missing from the ANZDATA dataset were also obtained from patient records where possible.
CMV DNA plasma viral load testing was performed at PathWest Laboratory Medicine WA using the COBAS Amplicor CMV MONITOR assay (Roche Diagnostics, Branchburg, N.J., USA) from January 2007 to 12 May 2011, which has a linear range of 6 × 10 2 to 1 × 10 5 copies/ mL (not referenced to the international CMV quantitative standard, so not reportable in IU/mL). From 13 May 2011 the Abbott RealTime CMV assay (Abbott Molecular Inc., Des Plaines, IL, USA) on the m2000 RealTime platform was introduced, which has a linear range of 2 × 10 1 to 1 × 10 8 copies/mL (multiplication of copies/mL by 1.56 converts the result to IU/mL according to the WHO international CMV quantitative standard). We obtained testing data (date of test, test result) up to December 2014 inclusive and CMV results were reported in copies/ml.
Data analysis
Incidence rates and 95% confidence intervals were calculated for all variables of interest for the outcomes: CMV viraemia with greater than or equal to 600 copies/ml; and patient death prior to 31 December 2014. The start time was the date of the first recorded transplant for calculating the incidence of CMV viraemia; and the date of the most recent recorded transplant for calculating the incidence of patient death prior to 2014. When calculating incidence for time-dependent variables, the start time was the time of transplant for the period when the variable equalled zero. If and when the categorical variables became greater than zero, this was the start time for incidence. Patient days prior to that time were counted as patient days for that variable being zero. The Exact method was used to estimate p-values for the significance of effect for binomial variables and univariable Cox Proportional Hazards analysis was used to estimate p-values for categorical variables with more than two possible values. Time-dependent variables, such as CMV, were fitted as time-dependent variables in the univariable Cox Proportional Hazards models. Age at transplantation was categorised to <65 and ≥65 on the basis of 65 being an age cut-off for increased risk of death and adverse outcomes in other studies [15] [16] [17] . The cut-off for categorisation of CMV levels was set at 600 copies/ml on the basis that 600 copies/ml was the limit of detection for the less sensitive Roche COBAS Amplicor assay. The cut-off for categorisation of donor age was set at 60 years of age, and for categorisation of the total number of HLA mismatches the cut-off was set at two. Patient death outcome data were censored as of December 2014 and CMV viraemia outcome data were censored as of December 2013. The earlier censoring of CMV viraemia outcome data was because information about rejection and immunosuppression was only available up to December 2013.
Multivariable survival analysis was performed using Cox Proportional Hazards regression. Tied failures were calculated using the Breslow method for ties. Robust standard errors were used to estimate p values and 95% confidence intervals. Covariates with a p-value of 0.100 or less in the univariable models or covariates previously reported to correlate with study outcomes were included in the initial models. Variables were excluded from the model if their p-values for their adjusted hazard ratio was >0.05. For the model analysing CMV viraemia as the outcome, immunosuppression was categorised into three groups: calcineurin inhibitors (cyclosporin A or tacrolimus); antimetabolites (azathioprine, mycophenolate mofetil, or mycophenolate sodium); and mammalian target of rapamycin (mTOR) inhibitors (everolimus or sirolimus), and fitted as timedependent covariates for each time period for which immunosuppression data were recorded in ANZDATA (3 months, 6 months, 1, 2, 3, 4, and 5 years). Anti-T lymphocyte antibody treatment after transplant was fitted as a time-dependant variable and was compared to having no treatment or treatment at or before transplantation. All rejection episodes were biopsy-proven with severe rejection defined as any vascular rejection or any severe humoral, glomerular or cellular rejection. Rejection variables were also fitted as time-dependent covariates. The following variables were included in the initial model for CMV viraemia: recipient age (categorised at 65 years), sex, donor age (categorised at 60 years), donor/recipient CMV status, immunosuppression, rejection, severe rejection, numbers of HLA mismatches (categorised as two or less or greater than two), and donor status (deceased or live). For the model examining death as the outcome, CMV status was fitted as a time-dependent covariate as one or more episodes (combined). The variables included in the initial model for death as an outcome were age (categorised at 65 years), sex, donor age (categorised at 60 years), donor status (deceased or live), rejection, severe rejection, CMV status, Aboriginality, smoking status, graft failure and the following comorbidities: diabetes; cerebrovascular disease, any cardiovascular disease other than cerebrovascular disease in patients with no cerebrovascular disease; chronic lung disease and cancer. The proportional hazards assumption was tested for all variables in every final model based on the analysis of Schoenfeld residuals.
A Kaplan-Meier plot showing death by CMV viral load was generated with CMV viral load being fitted as a time-dependent variable.
Data analysis was performed using STATA v14 (StataCorp LP, College Station, Texas, USA).
Results
There were 438 renal transplants performed in 435 recipients (with three patients receiving a second transplant in the study period) in WA from January 2007 to December 2012 and all cases were included in the analysis. The median age at transplant was 51 years (range 18-80).
Risk factors associated with CMV viraemia
One hundred and thirty four (30.6%) patients had at least one episode of detectable viraemia during the study period. Of these, 74 (55.2%) patients had at least one episode of viraemia at 600 copies/ml or more. Eleven (14.9%) of the 74 patients had two episodes of CMV viraemia at 600 copies/ml or more with intervening periods of no CMV DNA being detected. One patient had a single CMV viraemia episode of 600 copies/ml or more before transplantation. This viraemic episode was excluded, leaving in the analysis 84 CMV viraemia episodes of 600 copies/ml or more from 73 patients over 461,961 patient days. The incidence of CMV viraemia of 600 copies/ml or more was 18.2 per 100,000 person days (95%CI 14.7-22.5). Forty-six patients died before 31 December 2013 (Fig. 1 ). There were three patients who developed CMV viraemia after graft failure and had no record of a subsequent transplant. These patients were excluded from the univariable analysis, and the CMV episodes were excluded from the Cox Proportional Hazards analysis as they were censored at graft failure. Table 1 presents the numbers and rates of CMV viraemia at 600 copies/ml or more stratified by covariate categories. Being 65 years or above at the time of transplant, having D + /R − status, having at least one episode of severe rejection, and having a transplant from a deceased donor or a donor aged 60 years and over were all significantly associated with having CMV viraemia in univariable analysis (Table 1) .
Multivariable analysis
For the Cox Proportional Hazards regression analysis, the three CMV episodes after transplant failure were excluded as the data were censored at transplant failure. CMV-negative recipients receiving grafts from CMVnegative donors were also excluded from the analysis, as none of these participants developed CMV viraemia. All three patients with a second graft during the follow up period exited the survival model at the failure date of the first graft. Having D + /R − CMV status was associated with a five-fold increased risk of CMV viraemia of 600 copies/ml or more. Receiving a graft from a donor aged 60 or more, and having a graft from a deceased donor, were also significantly associated with CMV viraemia of 600 copies/ml or more. Immunosuppressive regimens that included an mTOR inhibitor (either everolimus or sirolimus) resulted in a 70% decreased risk of a CMV viraemic episode (as a time-dependent covariate), although this was not statistically significant (p = 0.052) ( Table 2) .
Association between CMV viraemia and all-cause mortality
Of the 438 transplant recipients, 55 (12.6%) died before 31 December 2014. Having at least one episode of CMV detectable at 600 copies/ml or greater, being aged 65 or over at the time of transplant, receiving a graft from a deceased donor, lung disease, cerebrovascular disease, and Aboriginal race were all predictors of death in univariable analysis (Table 3) . 
Sensitivity analysis for CMV viraemia and mortality
We next sought to examine the relationship between a number of thresholds for CMV viral load, the duration of viraemia and all-cause mortality. There were 134 (30.6%) patients who had at least one episode of detectable CMV viraemia. The median CMV viral load among these cases was 656 copies/ml (IQR 68, 4590), and levels ranged from 2.6 to 5,710,000 copies/ml. Using the quartile values as cutoffs, the CMV viral load was categorised as <68, 68-655, 656-4589 and 4590+ copies/ml. A Cox Regression model showed a significant HR for death only for those cases with a CMV viral load of ≥656 copies/ml (Table 4) . Kaplan Meier survival plots for death by CMV viral load are shown in Fig. 2 .
Multivariable analysis for factors associated with all cause mortality
Using Cox Proportional Hazards regression analysis, having at least one episode of CMV viraemia with viral loads of 656 copies/ml or more, Aboriginal race, aged 65 or more at transplant, having cerebrovascular disease, and having any other vascular disease were all associated with death (Table 5 ). An interaction term of CMV with age was not significant and were therefore not included in the final model. 
CMV duration
The duration of CMV viraemia was not associated with death. The incidence of death from most recent transplant was 5.8 (95% CI 4.2, 8.1) for patients with no episode of CMV viraemia of 656 copies/ml or more; 20.9 (95% CI 11.2, 38.8) for patients with CMV viraemia of 656 copies/ ml or more for a duration of up to 7 days; and 21.0 (95% CI 11.3, 39.1) for patients with CMV viraemia of 656 copies/ml or more for a duration of at least 7 days. Further analysis comparing death with duration of CMV viraemia with a threshold of 14 days and with 28 days also did not show an association between duration of CMV viraemia and death (data not shown).
Onset of CMV viraemia
There were 73 patients who had at least one episode of CMV viraemia of 656 copies/ml or greater post-transplant. Eleven of these patients had two episodes of CMV viraemia of 656 copies/ml or greater (a total of 84 episodes in 73 patients). Of those viraemic episodes, 31 (37%) occurred during the period when the patient was expected to be on CMV prophylaxis.
Discussion
In this contemporary group of kidney transplant recipients, CMV viraemia with a threshold of at least 656 copies/ml was associated with over a three-fold greater risk of allcause mortality and death with functioning graft. An important observation is that 37% of CMV viraemia of at least 656 copies/ml occurred during the period of presumed antiviral prophylaxis suggesting that close monitoring of CMV viraemia is warranted should patients cease antiviral prophylaxis prematurely or if non-compliance is suspected. Our finding that CMV viraemia of relatively low levels (≥656 copies/ml) was also associated with death also suggests vigilance with CMV treatment when CMV viraemia reaches these levels. Although we had expected that increasing duration of CMV viraemia would be associated with mortality, this was not apparent in this study. However, the inconsistent timing of CMV testing may have modified the association between duration of CMV viraemia and outcome. Our study builds on the work of previous investigators [11, 12, [18] [19] [20] [21] [22] , by being conducted at a time when all eligible renal transplant recipients were prescribed CMV prophylaxis, and by considering risk factors and consequences of CMV viraemia, rather than CMV disease. Given that having CMV activation at viral loads of 656 copies/ml or greater is associated with death, our finding that 37% of the episodes of CMV activation at this level occurred while the patient was expected to be on CMV prophylaxis is of great concern. We were unable to determine whether this was due to a lack of compliance with CMV prophylaxis, or whether prophylaxis was withdrawn due to intolerable side effects. Our findings do highlight the critical importance of monitoring CMV viral loads during periods when antiviral prophylaxis has been prematurely ceased, and the provision of fairly aggressive CMV treatment should levels rise over 600 copies/ml. They also stress the importance of patient compliance with CMV prophylaxis and of ensuring dose adjustment of prophylaxis according to the patient's glomerular filtration rate. While the latest CMV assays are extremely sensitive and are able to detect low-level viraemia, it is unknown whether low-level viraemia below the threshold of earlier assays is clinically significant. Only levels of at least 656 copies/ml were associated with mortality in our analysis. While other studies have shown an association between acute rejection and risk of CMV viraemia, it was unclear whether the association between rejection and CMV viraemia was related to the increased dose of immunosuppression or a direct effect of the rejection process [22] . The association between Aboriginal status and death following transplantation has been previously described. Due to a range of factors, Aboriginal people are more likely to develop chronic renal failure and they have poorer outcomes than non-Aboriginal Australians posttransplant [23] .
The association between the use of mTOR inhibitors and reduced rates of viral infections has been shown in several studies, including a recent meta-analysis in kidney transplant recipients [24, 25] . Although the use of mTOR inhibitors was associated with a reduced risk of CMV viraemia in the unadjusted model, this association was no longer present in the adjusted model, which may suggest a type II error or that reduced intensity of immunosuppression (as a result of eliminating calcineurin inhibitors) may be a more important factor in reducing the risk of CMV viraemia.
Receiving a graft from a donor aged 60 years and older has previously been found to be associated with late-onset CMV disease in D + /R − patients [18] . To our knowledge, there are no other studies finding an association between receiving a graft from a deceased donor and CMV viraemia/disease. An interaction term between the variables, donor aged ≥60 years and deceased donor, was not significant in the model. While we did not find that the number of HLA mismatches between donor and recipient was associated with CMV viraemia, our finding may also be related to a reduced level of immunological matching between recipients and deceased donors compared to between recipients and live donors, therefore increasing the level of immunosuppression required to prevent rejection.
It is known that a high and rapid increase of plasma CMV viral load is associated with a greater likelihood of invasive CMV disease [13] , however, CMV disease can occur even with only low levels of viral DNA detectable in plasma, as described with gastrointestinal and retinal disease [26] . There is no recognised cut-off for the commencement of antiviral therapy; many earlier studies were hampered by use of assays with no reference to the WHO international quantitative standard [13] . One recent study of CMV seropositive kidney, heart and liver transplant recipients found a high predictive value for CMV disease in those with CMV plasma viral load of 3983 IU/mL or more compared with lower levels [27] . Lower CMV viral loads not associated with a risk of invasive CMV disease may still be associated with the indirect effects of CMV. However, with a poor understanding of how antiviral therapy alters the indirect effects of CMV and the association of CMV viral loads with indirect CMV effects, there are no definite recommendations regarding antiviral therapy for this indication [28, 29] . There are several strengths and limitations to our study. This is one of the largest studies to evaluate the association between CMV viraemia and clinical outcomes in the era where antiviral prophylaxis is standard practice. Even though this is not a small study, our study may have had insufficient power to examine the association between CMV viraemia and several outcomes including death due to different causes. ANZDATA and patient records do not document the duration and dose of CMV prophylaxis and there is limited recording of patient compliance. Another limitation of our study is that the results in copies/mL for different CMV viral load assays used in this study are not directly comparable without being able to report IU/mL for both assays [13] . For the COBAS Amplicor assay the only available data relating copies/mL to IU/mL by the CMV international quantitative standard is provided by indirect comparison to the COBAS Ampliprep assay [30] .
Conclusions
We found that CMV viraemia (at 656 copies/ml or greater) was associated with over a three-fold increased risk of all-cause mortality amongst renal transplant recipients. An association between CMV disease and all-cause mortality has been previously shown, but less frequently for CMV viraemia alone [1, 11, 18, 20, 22, 31, 32] , although these findings are not consistent across all studies [12] . Despite the routine use of antiviral prophylaxis after kidney transplantation in R+ and D+/R-recipients, 37% of recipients experienced CMV viraemia during the recommended period for antiviral prophylaxis. Clinicians should be cognisant of the need to monitor and identify CMV viraemia when prophylaxis is prematurely ceased or non-compliance is suspected. Further examination of the association between duration of CMV viraemia and patient outcomes in larger cohorts is required. While some cases of CMV disease were recorded in the ANZDATA, there is not a specific data field where this can be documented and it is likely that this was significantly underreported. Therefore, we have not assessed the relationship between CMV disease and transplant outcomes or factors associated with CMV disease. We were unable to determine whether or not our findings reflect a true impact of CMV viraemia on mortality, or whether CMV viraemia is a confounder for other, unmeasured factors associated with death [32] . 
